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Dear Mr. Henderson, 



herewith, I would like to draw your attention to two papers, copies 
attached: 

„Carbon Nanofiliaments in Heterogeneous Catalysis: An Industrial Appli- 
cation for New Carbon Materials", MestI et al., Angew. Chem. Int. Ed., 
2001, 40. No. 1 1. pages 2066 to 2125; 
(PAPER 1) 

„The Catalytic Use of Onion-Like Carbon Materials forStyrene Synttiesis 
by Oxidative Dehydrogenation of Ethylbenzen"" , Keller et al., Angew. 
Chem. Int. Ed.. 2002. 41, No. 11, pages 1885 to 1888. (PAPER 2) 

We, the GARCHING INNOVATION, are responsible for the technology 
transfer of the Max Planck Society. In this function I was approached by 
the authors of the above articles. They printed out to me that both paper 
are relevant for the patent application US 2004/0141906. When studying 
the patent application as well as the papers in greater details we realized 
the following: 
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PAPER 1 



• This paper published in 2001 already describes the catalytic func- 
tion of "nanofilaments". "nanofilament walls", "step edges", "inner 
layer formed by conical graphite layers with an angle of 26*" to the 

filament axis". 

• The structure according to Fig. 2 in US '906 ("multifaceted carbon 
nanotube") and the one stated in the paper ("nanofilaments") are 
the same. 

• As to the dehydrogenation of ethylbenzene to styrene the parame- 
ters given in US '906, example 9, page 7 and those in the paper, 
experimental section on the last page are identical or almost iden- 
tical, i.e. amount of catalyst, flow, reaction temperatures, tempera- 
ture for highest yield etc. 

• Furthermore, in the text and the scheme on the last page the gen- 
eral "mechanism of the catalytic oxidative dehydrogenation over 
carbon nanofilaments" is described. The necessary structure of 
"edges" respectively "step edges" as shown in scheme 1 of the 
paper is an essential feature for the underlying chemical mecha- 
nism. It was first described in the paper in 2001 and is a common 
feature of all the carbon nanostructures mentioned in US '906. 

PAPER 2 

• This paper, also being mainly directed towards the catalytic use of 
Onion-Like Carbon, adds considerable knowledge on the function 
of "edge/kink sites", "graphitic (0001) facets", "active sites" the tai- 
loring of microstructures " to support the optimum distribution of 
electron-donating and C-H-activating functions." 

We assume that the papers will add useful information to the further ex- 
amination process. 

Sincerely yours, 

Garching Innovation GmbH / 
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The Catalytic Use of Onion-Like Carbon 
Materials for Styrene Synthesis by Oxidative 
Dehydrogenation of Ethyibenzene 

Nicolas Keller, Nadezhda I. Maksimova, 
Vladimir V. Roddatis, Michael Schur, Gerhard Mestl,* 
Yurii V. Butenko, Vladimir L. Kuznetsov, and 
Robert Schlogl* 

Since the discovery of fullerenes in 1985, the chemistry of 
sp^-hybridized nanostructured carbon has received increasing 
attention both from a fundamental point of view and for 
potential applications. A large variety of new fuUerene- 
related materials (giant fullerenes, nanotubes, nanospheres, 
nanocones, nanofolders, nanobundles, onion-like carbons 
(OLCs)) have been synthesizedJ^^ Their unique chemical 
and physical properties suggest novel applications, which 
include nanoscaie engineering and electronics, optoelectronic 
sensors; three-dimensional composite -materials, microfilters, - 
magnetic materials, and catalysis. Current research on OLCs 
is confined to the development of synthesis methods and to 
the description of physical and chemical properties. l**' These 
closed, spherical, carbon shells, however, could also provide 
interesting catalytic properties as a result of the almost perfect 
graphite network with a high degree of curvature. 

Direct dehydrogenation of hydrocarbons is used in numer- 
ous industrial processes. Because of their endothermic character, 
such processes are restricted by thermodynamic limitations, 
thus alternatives are called for. In case of styrene synthesis, 
one of the ten most important industrial processes, the 
exothermic oxidative dehydrogenation (ODH) of ethyiben- 
zene is an elegant and promising reaction, for which carbon 
catalysts have already proved their efficiency. *J The porosity 
of carbon catalysts used to date seems to play a negative role 
by hindering the styrene desorption. This effect limits the 
ethyibenzene conversion and leads to nonselective, consec- 
utive reactions. 1^' ''^ Therefore, because of the absence of inner 
particle porosity OLCs are valuable candidates as catalysts.l^J 

Figure 1 displays the catalytic behavior of the OLC material 
for the ODH of ethyibenzene to styrene with time on stream 
(/). For comparison, the steady-state yields are also shown, 
which were obtained over the industrial K-Fe catalyst and 
other forms of carbon. The OLC catalyst exhibited a minor 
initial activity developing into conversion levels of 92 % after 
an activation period of about 2 hours on stream. The stable 
styrene selectivity of 68 % allowed high styrene yields of 62 % . 
The performance of OLC in ODH is not restricted as in case 
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Figure 1. Performance of OLC in the ODH of ethyibenzene at 790 K with 
time on stream. A' = ethyibenzene conversion (•), selectivity to styr- 
ene (o)» and styrene yield (■). Steady-state styrene yields for graph- 
ite (Gr.)» carbon nanofilaments (CNF)^ and the industrial K-Fe catalyst 
are also given. Data are given relative to the catalyst mass. 

of traditionar K-promoted- iron -oxide systems, -for which 
thermodynamic constraints limit the maximum styrene yield 
to 50%.l9- 

Figure 2 A displays high- resolution transmission electron 
micrographs of fresh OLC. The left-hand image of Figure 2 A 
shows clean, multishell particles with an interlayer distance 
close to 0.35 nm, typical for sp^-hybridized carbon structures. 
The inset of Figure 2 A shows one example of a well resolved 
OLC, The contrast variations of this OLC indicate not-intact 
graphene layers and structurally less-defined areas (indicated 
by arrows) of the curvature. The right-hand image displays 
OLC material after 40 h catalysis. The OLC seems to have 
disintegrated into more or less disorganized carbon. 

X-ray diffraction (XRD) was further used to characterize 
the structure of OLC before and after catalysis. Figure 2 B 
shows the XRD data, the diffractogram of fresh OLC is 
characteristic for graphite-like material with a high degree of 
stacking faults. For comparison in Figure 2 B, the theoretical 
pattern of hexagonal graphite is indicated by the vertical lines 
with the respective indexing. The diffractogram recorded 
after catalysis (Figure 2B, b) demonstrates the generation of 
diamond-like-carbon (DLC) material, that is, sp'-hybridized 
carbon atoms, during the styrene reaction. The peaks at 43.9 
and 75. 3** 20 coincide with the 111 and 220 reflections of 
diamond as indicated by the vertical lines. Hence, DLC is part 
of the ill-defined material formed during catalysis. 

Figure 2 C shows the Raman spectra obtained from the 
fresh and used OLC. The deconvolution of these spectra is 
displayed on the right side of Figure 2 C. Spectrum (a) exhibits 
the Raman bands characteristic for disordered (D : 1318 cm-\ 
and D':1602cm-^) and ordered (G:1573cm-^ graphene 
structures.1^^1 This Raman spectriun is in agreement with the 
HR-TEM analysis which revealed intact graphene layers and 
ill-defined structures at the curvatures of OLC (Figure 2 A, 
left) and the XRD data (Figure 2 B, pattern a). The intense 
Raman signature of the D (1328 cm"^) and D' (1594 crn'O 
bands of the catalyst after reaction, completely overwhelming 
the G band at 1572 cm"^ clearly indicate a pronounced 
presence of disordered carbon structures after the catalytic 
run. The intensity increase of the two D and D' Raman signals 
was accompanied by a broadening and a slight blue-shift of 
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A) 





Figure 2. A) High- resolution (HR) TEM images of OLC prior (left) and 
subsequent to use in the ODH of ethylbenzene (right). The inset shows an 
enlargement of a single, intact OLC. The arrows indicate the blurred 
regions with less-ordered structure. B) X-ray diffractograms of the OLC 
material prior (a) and subsequent to catalysis (b); the calculated positions 
of the reflections of graphite (G) and diamond (D) are shown. C) Left: 
original Raman spectra (raw data) of OLC prior (a) and subsequent to use 
in the ODH of ethylbenzene (b) ; right: deconvolutions of the Raman 
spectra prior (a) and subsequent to catalysis (b). 



the D band. The deconvolution additionally revealed a very 
broad background contribution to this band from C— H, C— C 
deformations This very broad D band does not exclude the 

presence of sp'-hybridized carbon atoms after the reaction, as 
indicated by XRD (Figure 2 B, pattern b).^^^^ Indeed, IR 
spectroscopy (spectra not shown) revealed the presence of 
C-H valence bands at 2920 cm"* after catalysis, together with 
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bands at 1740, 1175, and 1090 cm"^ which indicate the 
presence of basic 0=0 and C-O groups, respectively. 

In addition to Raman spectroscopy and XRD, thermog- 
ravimetry temperature-programmed oxidation (TG-TPO) 
confirmed the presence of these two carbon species (Fig- 
ure 3), Compared to the fresh, well-organized sp^-hybridized 
OLC (Figure 3, curve a), the used catalyst displayed a 
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Figure 3. Differential thermal gravimetry of the temperature-programmed 
combustion of OLC prior (a), subsequent to use in the ODH of ethyl- 
benzene (b), r= temperature, from amorphous carbon (c; NoritA, 
Aldrich), and graphite (d; SFG6, Timcal AG). Below: mass spectrometer 
trace of water formed during the combustion of OLC following catalysis. 

composite signal (Figure 3, curve b), which indicated disor- 
dered sp^/sp^-hybridized carbon with a maximimi combustion 
rate at around 850 K, in agreement with the reference sample, 
amorphous activated charcoal. The contribution to combus- 
tion at higher temperatures was assigned to remaining 
ordered sp^-carbon structures. The water release, also at 
850 K, was detected by mass spectroscopy (Figure 3, bottom) 
and confirmed the presence of hydrogen atoms (as indicated 
by IR spectroscopy) in the highly disordered carbon array. 

Figure 4 shows the Ols and Cls (X-ray photoemission) XP 
spectra of fresh and used OLC samples. The almost oxygen- 
free carbon surface of the fresh OLC (Figure 4 A, solid line) 
was transformed after reaction into an oxygen-containing 
surface (open circles, Figure 4 A). The Ols spectrum after 
reaction can be deconvoluted into two signals. The first, with a 
binding energy (B.E.) of 530.9 eV,^^^) jg similar to spectra 
reported for other active carbon catalysts^^* ®^ and is assigned 
to chinoidic carbonyl functions. The dehydrogenating power 
of the catalyst thus seems to be linked to the generation of 
these strongly basic sites during activation. The second with a 
B.E. of 533.4 eV arises from water adsorbed during transport 
through air. Through an increased intensity at the high-energy 
side of the Cls signal, the Cls spectra (Figure 48) also 
indicate the presence of oxidized carbon. The inset of 
Figure 4B shows the difference spectrum of used OLC (full 
line) and fresh OLC (dotted line). Its deconvolution con- 
firmed the presence two contributions, at 288.2, indicative for 
basic, chinoidic surface groups, and 286.0 eV from C-O 
groups. This XPS finding is in agreement with the IR 
spectroscopy observations mentioned above. Additionally, 
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Figure 4. A) Ols XP spectra of the OLC prior (solid line) and subsequent 
(open circles) to catalysis. The deconvolution into two contributions with 
B.E. of 531.1 and 533.4 eV is shown. B) Cls XP spectra of OLC prior 
(dashed line) and subsequent to catalysis (full line). The inset shows the 
deconvolution of the difference Cls spectrum into three contributions with 
BE of 288.2. 286.0, and 284.4 eV. 



the graphitic Cls line at 284.4 eV was considerably broadened 
after catalysis demonstrating the presence of structurally ill- 
defined carbon in line with Raman, XRD, and TG-TPO 

results 

The structural characterization reveals that the function of 
the OLC as an ODH catalyst is uniquely related to its 
microstructure. The starting material, intact OLC with a large 
surface abundance of graphitic (0001) facets combined with a 
small abundance of edge/kink sites where the bending of the 
graphene layers occurs (blurred contrast in the TEM, Fig- 
ure 2), is characterized by the complete absence of surface 
oxygen functionalities. This material does not show any 
catalytic activity. Catalytic activity develops with time on 
stream. The XP spectra indicate the generation of strongly 
basic, chinoidic surface functionalities on the active carbon 
catalyst which are responsible for the catalytic activity. These 
basic, de hydrogen ating, surface groups are generated as 
resonance-stabilized C=0 surface terminations of the edge/ 
kink regions of OLC. •'J This oxidation of the edge/kink sites is 
also seen as being responsible for the disintegration of the 
OLC during catalysis. The catalytic activity develops with 
increasing formation of these basic functionalities and ac- 
cordingly increasing OLC disintegration. Hence, it may be 
questioned whether OLCs are catalytically active at all. 
Comparative experiments with ultradispersed diamond 
(UDD), however, revealed that the DLC material detected 
by XRD after catalysis can not account for the catalytic 



activity of OLC (data not shown). UDD are initially also 
completely inactive, like OLC, but their selectivity, which 
develops with time, is different from that of OLC; with UDD 
the main product from the ODH of ethyl benzene is benzene. 

That the OLC is superior in its performance to other forms 
of carbon (Figure 1) indicates that this type of carbon contains 
a higher number of active sites per imit weight at steady state. 
This superior performance is also related to the optimized 
distribution of the oxygen -activating sites (basal planes) and 
Br0nsted basic centers (prismatic planes). The presence of 
disordered, sp^- and sp'-hybridized polymeric carbon result- 
ing from unwanted styrene polymerization is characteristic of 
all the catalytic systems tested so far.P* "J However the large 
volume and great number of defects in such polymeric 
(amorphous) species, makes them particularly susceptible to 
oxidation in situ (see Figure 3). As the formation of coke 
cannot be completely avoided a large difference in specific 
reactivity of the soft coke (polymeric species)^^^ and the 
carbon catalyst is a prerequisite for-stable operation. Reduc- 
ing the number of basic sites, which cause polymerization, to 
the minimum necessary for activating the ethylbenzene 
substrate, makes the tendency for coke formation on carbon 
lower than on (potassium-promoted) metal-oxide systems. 

The results reveal that a significant potential for catalytic 
application lies in unpromoted nanocarbon materials if their 
microstructure can be tailored to support the optimum 
distribution of electron-donating and C-H-activating func- 
tions. The chemical simplicity of carbon and the unique self- 
cleaning property that deactivated surfaces gasify themselves 
in ODH reactions, not only makes carbon species well-suited 
model systems but also allows realistic expectations of an 
industrial application in heterogeneous catalysis. The difficul- 
ties associated with the synthesis of the present OLC model 
system may be overcome by tailoring other more abundant 
forms of carbon into the desired target structure by synthet- 
icl^^l and post-synthetic thermochemical procedures. 

Experimental Section 

OLCs were produced by thermal annealing of UDD powder at 2140 K 
under a 10"* torr vacuum, according to ret [17]. The reaction was carried 
out in a tubular quartz reactor of 4 mm inner diameter and 200 mm length. 
The catalyst (0.04 g) was placed in the isothermal oven zone between 
quartz wool plugs. He and O2 were fed by mass-flow controllers 
(Bronkhorst). Ethylbenzene in a stream of He was provided by a saturalor 
kept at the required temperature (35**C, corresponding to 2.16 kPa) and 
mixed with the O2 flow to obtain the ethylbenzene :02 ratio of 1:1. The 
reaction was conducted at 790 K with an inlet ethylbenzene concentration 
of 2 voI% and a liquid hourly space velocity (LHSV) of 0.5 h-^ The inlet 
and outlet gas analysis was carried out online by a gas chromatograph using 
a packed column (5 % SP-120W1.75% Bentone 34) for hydrocarbons and a 
capillary column (Carboxen 1010 PLOT) for permanent gases coupled to a 
□ame ionization detector (FID) and a thermal conductivity detector 
(TCD), respectively. 

TEM micrographs were taken on a Phillips CM200-FEG at an acceleration 
voltage of 200 kV XP spectra were recorded with a modified Leybold 
Heraeus spectrometer (LHS12 MCD) with MgKo radiation (1253.6 eV) at a 
power of 240 W. The bandpass energy was set to 50 eV. X-ray satellites and 
Shirley background were subtracted. Thermal gravimetry analysis was 
performed on a Netzsch STA 449C balance, with a heating rate of 
lOKmin-* and by using a 20% {vtv) O/He mixture, and coupled to a 
QMS200 mass spectrometer (Thermostar, Pfeiffer Vacuum). Raman 
spectra were recorded with a LabRam spectrometer (Dilor). The slit width 
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was set al 500 jun giving a spectral resolution of 5 cm"*- A He/Ne laser at 
632.8 nm was used as the excitation source. IR spectra in diffuse reflectance 
were recorded on a Bruker IFS-66 FT-IR spectrometer. XRD was 
performed on a Stoe Theta-Theta diffractometer in reflection (Cuk^ 
radiation). 
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Tin Analogues of ^^Arduengo Carbenes": 
Synthesis of l,3,2A^-Diazastannoles and 
Transfer of Sn Atoms between a 13»2A^- 
Diazastannole and a Diazadiene'*''*' 

Time Gans-Eichler, Dietrich Gudat,* and 
Martin Nieger 

The discovery of persistent and in preparative-scale isolable 
carbenes launched not only a rapid development of carbene 
cheinistry,l^J but stimulated as well investigations on carbene 
homologues with heavier Group 14 elements. Utilization of 
the concept that mesomeric interaction with the n electrons of 
two nitrogen atoms and a C-C double bond allows efficient 
electronic stabilization of the divalent carbon atom in 
imidazoyl ("Arduengo-type") carbenes lead to the isola- 
tion of analogous sily lenes n ;P1 and germylenes III 
(Scheme 1).^^^ Homologues of I with Sn (IV) and Pb (V) 

- are — apart from a few annellated l,3,2A2-diazastannoles^^l 

still unknown, although divalent compounds of these ele- 
ments should become increasingly more stable descending the 
group from C to Pb.f*^ We report here the preparation and first 
reaction studies of monocyclic l,3,2A^-diazastannoles rv 
which revezil that the reactivity of these compoimds displays 
some striking dissimilarities when compared to the lighter 
homologues I -III. 



I II 111 IV V IV* 

E = C Si Qe Sn Pb 

Scheme 1. 

A^-Diazagermoles III and annellated A^-diazastannoles can 
be prepared by metathesis of dilithiated diazadienides or o- 
phenylene diamides with GeQa-dioxane or SnCla, respec- 
tively.l^' ^1 Analogous reactions of SnCl2 with the dilithiumdi- 
amides 2 a, b (Scheme 2) failed,r'i but the desired monocyclic 
diazastannoles 7a,b were found to be accessible by trans- 
amination of the a-amino aldimines 3a,bt^J with 
[Sn(N(SiMe3)2)2] (4) at 40 -45°C in nonpolar solvents. 
Mechanistically, the formation of 7a,b can be explained by 
a multistep sequence (Scheme 2) which involves the initial 
condensation of 3a,b and 4 to give stannylenes 5, a 
subsequent 1,3-H-shift to afford 6, and finally intramolecular 
elimination of HN(SiMe3)2 to produce the final products 7a, b 
which were isolated after workup as red, air sensitive, and 
rather thermolabile solids. Experimental support for this 
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Carbon Nanofilaments in Heterogeneous 
Catalysis: An Industrial Application for 
New Carbon Materials?** 

Gerhard Mestl, Nadezhda I. Maksimova, 
Nicolas Keller, Vladimir V. Roddatis, and 
Robert Schlogl* 

The direa dehydrogenation of ethylbenzene to styrene is 
one of the ten most important industrial processes. In this 
process a potassium -promoted iron catalyst is used at temper- 
atures between 870 and 930 K.I*^ However, this method is 
thermodynamically limited and, because of the required 
excess of steam, very energy consuming. 'J The oxidative 
dehydrogenation (ODH) of ethylbenzene could be a promis- 
ing alternative in which the hydrogen generated is directly 
oxidized making the overall process exothermic. 

Mechanistic studies of the dehydrogenation of ethylben- 
zene on singlcrcrystal model surfaces provide fundamental 
information about the role of the active K-Fe phase.'*"'J This 
surface is evidently well suited to generate a graphitic carbon 
deposit. Therefore, it is possible that these carbon deposits are 
actually the catalytically active phase. 

Transition metal oxidesl*^ and phosphatest^» as well as 
polymersf^^^ have been described as active and selective 
catalysts for the ODH of ethylbenzene. The carbon deposits^^^J 
detected on such catalysts again point to an active role of 
carbon in this reaction. Accordingly, catalytic activity in the 
ODH was demonstrated for activated charcoals,l^' their 
commercialization however, is impossible because of their 
low oxidation resistance.l^^ Graphite, on the other hand, 
exhibits activity in the ODH of methanol .^^^ Thus, graphitic 
carbon materials, that is, nanofilaments with high surface area, 
are promising candidates for dehydrogenation catalysts in the 
presence of oxygen. 

We have tested the catalytic properties of lamp soot, 
graphite, and nanofilaments for the ODH of ethylbenzene to 
styrene. Figure 1 displays the catalytic properties of the 
investigated carbon materials with time on stream /. The 
higher activity of nanofilaments relative to soot and graphite 
is evident. While the catalytic activity of soot decreases during 
the induction period because of bum-off, that of graphite and 
the nanofilaments increases with time. ITiis behavior can be 
correlated with the stability toward combustion. Nanofila- 
ments show a higher activity, selectivity, and yield relative to 
graphite. The catalytic properties of the three investigated 
carbon materials after 7 h operation are given in Table 1. 
Again the superiority of the nanofilaments over graphite is 
evident. Although the specific activity of nanofilaments is 
somewhat lower, they exhibit comparable selectivity and 
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Figure 1. The styrene yield from soot (♦), graphite (■), and nanofilaments 
(▲) with time on stream in the oxidative dehydrogenation of ethylbenzene 
at 820 K. 



Table 1. Comparison of the specific activities, selectivities, and yields of 
styrene, and the specific surface areas of lamp soot/'l graphite, and 
nanofilaments after 7 h reaction. 

Catalyst Lamp soot'*! Graphite Filaments 

Spec acUvity [lO-'molm-*] (14.40) 3,66 3.03 

Selectivity [%] (65) 80 85 

Spec yield [10-' molm-2) (9.32) 2.93 4.67 

Spec surface area [m^g"^) (19) 69 47 

[a] Values in parentheses indicate that Lamp soot quantitatively combusts 
under the reaction conditions. 

hence a 37% higher specific yield of styrene. After 7h 
operation, soot still shows good performance but with 
extended time on stream burns up completely under these 
reaction conditions. 

Figure 2 displays two high resolution transmission electron 
micrographs of nanofilament walls before and after the 
reaction. The fresh nanofilament walls (Figure 2 a) are built 
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Figure 2. High resolution TEM images of the walls of carbon nanofila- 
ments before (a) and after (b) the oxidative dehydrogenation of ethyl- 
benzene. Arrows mark the boundary layer between the conical graphite 
layers and the outer shell. 

up by two different layers. The inner layer is formed by 
conical graphite layers with an angle of 26° to the filament 
axis. The interlayer distance of 0,348 nm is comparable to that 
of normal graphite. The outer nanofilament shell is formed by 
ill-defined carbon layers which are oriented parallel to the 
filament axis. The mean layer distance is about 0.388 nm. 
After the catalytic reaction, the nanofilaments have an altered 
wall structure (Figiue 2 b): the outer shell of ill-defined carbon 



layers is combusted and a thin layer of polymeric carbon 
deposits covers the outer surface of the conical graphite 
layers This carbon deposit can be seen especially at the step 
edges between the conical layers. Additionally, the ends of the 
conical layers seem to be partially oxidized. These partially 
oxidized prism faces presumably play an important role in the 
catalytic reaction. 

The purity and composition of the test materials was 
characterized prior to catalysis by X-ray photoemission 
spectroscopy (XPS) and energy dispersive X-ray spectroscopy 
(EXD). The ratio of graphitic to aliphatic carbon was 
determined to be 0.13:1 for soot, 0.19:1 for graphite, and 
0.15:1 for the nanofilaments Hence, within the experimental 
error, this ratio is the same for all samples. The oxygen content 
was determined by EDX to be 10-20 wt% for all samples. 
Thus within the experimental error no difference in the 
oxygen content of the samples could be determined. The 
remaining iron-catalyst particles in the nanofilaments were 
always"completely 'covered"by "carbon and clearly "cduld'not ' 
play an active part in the reaction. 

Figure 3 displays the 0(ls) XP spectrum of the nanofila- 
ment catalyst after ODH. Among others a very weak signal 
can be seen at S30.2 eV l^^^ which points to the presence of 




Figure 3. 0(ls) XP spectrum of the carbon nanofilaments after oxidative 
dehydrogenation of ethylbenzene. The inset shows a comparison of the 
spectra before (o) and after (■) the catalytic reaction. 



Strongly basic surface oxygen groups,'^''' for example, quinoid- 
ic groups. l^^l Another weak signal at S33.6 eV is attributed to 
adsorbed water. l^^l The detection of strongly basic groups after 
the catalytic reaction indicates the important dehydrogen- 
ating function these groups have during the catalytic process 
A possible reaction mechanism of the ODH of ethyl- 
benzene over nanofilaments is shown in Scheme 1. Strongly 
basic, adjacent (quinoidic) oxygen centers dehydrogenate 
ethylbenzene to styrene under the formation of surface OH 
groupsJ^'^'^^l Gas-phase oxygen is dissociated on the basal 
planes of the graphite layersl^^l and diffuses to the hydroxyl 
groups, which then react imder reformation of the quinoidic 
groups and the desorption of water. 
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Scheme 1. Mechanism of the catalytic oxidative dehydrogenation over 
carbon nanofilaments, 1) adsorption of ethylbenzene, 2) dehydrogenation 
at basic centers^ 3) desorption of styrene, 4) adsorption of oxygen and 
reaction with OH groups, 5) desorption of water. 



Catalytic ODH giving good yields seems to be possible over 
carbon catalysts. Carbon nanofilaments in particular display a 
high stability toward oxidation; their recently reported cheap 
synthesis by catalytic decomposition^^^l seems to make a first 
industrial application of carbon nanofilaments plausible. 
Rational design of experiments on the basis of a functional 
analysis of industrial catalysts with the aid of surface-science 
methods resulted, in a short time, in a high-temperature 
stable, active, and selective catalyst for the ODH of ethyl- 
benzene. 



Experimental Section 

Soot (Lamp soot 101, Degussa)» graphite (HSAG, TIMCAL) and commer- 
cial carbon nanofilaments (Applied Science) were used as catalysts for the 
oxidative dehydrogenation of ethylbenzene to styrene. The reaction was 
carried out in a tubular quartz reactor, inner diameter 4 nun, length 
200 mm. The catalysts (0.02 g) were held in the isothermal oven zone by 
quartz wool plugs. He and were fed in by mass flow controllers. 
Ethylbenzene (EB) was evaporated at 35 (2.16 kPa) in a flow of He and 
mixed with the O2 flow to obtain different EBiOj ratios (0:1, 1:1, 2:1). The 
reaction was carried out at 820 K in a total flow of lOmLniin-^ (LHSV 
(liquid hourly space velocity): 0.5 h"'). The reaction products were 
analyzed on-line by gas chromatography (hydrocarbons with a 5% SP- 
1200/1.75% Bentone34 packed column and flame ionization detector 
(FID); permanent gases with a Carboxen 1010 PLOT column/thermal 
conductivity detector). 

The ethylbenzene conversion (Xeb), ihe styrene yield (Vsr) and the 
selectivity to styrene (Sgr) were calculated according the standard reaction 
engineering Equations (l)-(3). 



SsT = 



"ST 

"eb* — "eBm 

"ST 



(2) 
(3) 



To calculate the specific activity, was divided by the catalyst mass and 
its specific surface area. The specific styrene yield was obtained analo- 
gously by dividing Yg^ by the catalyst mass and its specific surface area. 

IVansmission electron microscopy was carried out on a Phillips CM200- 
FEG at an acceleration voltage of 200 kV. Photoelectron spectra were 
recorded on a modified Leybold Heraeus spectrometer (LHS12MCD) 
with MgKa radiation (1253.6 eV) and a power of 240 W. The bandpass 
energy was set to 50 eV. X-ray satellites and Shirley background was 
subtracted. The Brunauer-Emmett- Teller (BET) surface area of the 
catalysts was determined by N2 adsorption at 77 K. 
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